Bacillus subtilis XF-1, a strain with demonstrated ability to control clubroot disease caused by Plasmodiophora brassicae, was studied to elucidate its mechanism of antifungal activity against P. brassicae. Fengycin-type cyclopeptides (FTCPs), a well-known class of compounds with strong fungitoxic activity, were purified by acid precipitation, methanol extraction, and chromatographic separation. Eight homologs of fengycin, seven homologs of dehydroxyfengycin, and six unknown FTCPs were characterized with LC/ESI-MS, LC/ESI-MS/MS, and NMR. FTCPs (250 µg/ml) were used to treat the resting spores of P. brassicae (10 7 /ml) by detecting leakage of the cytoplasm components and cell destruction. After 12 h treatment, the absorbencies at 260 nm (A 260 ) and at 280 nm (A 280 ) increased gradually to approaching the maximum of absorbance, accompanying the collapse of P. brassicae resting spores, and nearly no complete cells were observed at 24 h treatment. The results suggested that the cells could be cleaved by the FTCPs of B. subtilis XF-1, and the diversity of FTCPs was mainly attributed to a mechanism of clubroot disease biocontrol.
damaging diseases within Brassicaceae crops, known to occur in more than 60 countries and results in a 10%-15% reduction in yields on a global scale [11] . It is difficult to control because its pathogen survives in soil for at least 15 years, waiting for a suitable host [55] . Only partial control is possible when susceptible lines are grown in infected fields. Until recently, there has been a lack of effective options for control of clubroot [51] . Several measures or studies have illustrated the potential for reducing this disease, such as soil pH and nutrient management [29, 41, 42, 50, 57] , whereas agricultural practice based on better understanding of pathogen biology [17, 36] , such as crop rotation [55] , nonhost plants or bait crops [1, 14, 58] , resistant cultivars [30, 44, 47] , integrated control [10, 12] , fungicides [25, 35, 46] , or biofungicides were also applied [31, 45] . Microbial control of clubroot is attractive because certain soil microbes can colonize roots and/or the rhizosphere [22, 39, 40, 53] , produce antifungal metabolites against P. brassicae [2, 27] , induce resistance to the disease [37] , and so potentially provide durable protection.
Bacillus subtilis is well known for its biocontrol activity against several plant pathogens and for its role in promoting plant growth [7, 19, 20, 56] . Bacillus subtilis XF-1(hereafter referred to as XF-1), a patented strain with good effects of controlling the pathogen of clubroot in crucifer and many pathogenic fungi [23, 24, 59, 61] , can produce a lot of fengycin-type cyclopeptides (FTCPs) such as fengycins (plipastatins) A, B, C, D, and S by the nonribosomal synthetic pathway, and those fengycins showed strong antifungal activities against Fusarium solani, which may be one of XF-1's major weapons against fungi and other pathogens [33] . It is well known that fengycins have strong fungitoxic activity, specifically against filamentous fungi [5, 26, 34, 52, 60] . However, many reports mainly focused on antifungal activities, structures, and synthesis mechanisms of FTCPs.
Few studies have elucidated the antifungal mechanism, especially the P. brassicae Woronin suppressions mechanism of FTCPs. In order to optimize XF-1 as an efficient biocontrol agent against clubroot disease, the mechanisms of action are essential to be understood. In our previous work, we found that XF-1 is mainly a high producer of FTCPs [33] . In this study, we further purified and characterized XF-1's FTCPs with LC/ESI-MS and LC/ESI-MS/MS, and investigated the effects and mechanisms against P. brassicae.
MATERIALS AND METHODS

Chemicals and Reagents
All solvents and reagents were of analytical grade or the highest grade available. Hydrochloric acid, sodium hydroxide, ethyl acetate, methanol, ethanol, and acetone were purchased from Merck (Darmstadt, Germany); formic acid, acetic acid, and chloroform from Sigma-Aldrich (Milan, Italy); acetonitrile from Carlo Erba Chemicals (Rodano, Milan, Italy); and LUDOX HS-40 from Sigma-Aldrich (HS-40 colloidal silica, 40 wt. % suspensions in water; Canada Ltd., Oakville, ON, Canada). Analytical grade water was obtained by ultrafiltration with Elga PureLabUltra (MMedical, Cornaredo, Milan, Italy).
Microbial Strains and Culture Conditions
XF-1 (CGMCC NO. 2357), stored in our laboratory, was inoculated on LB agar plate to obtain separated colonies. The primary seed culture was obtained by overnight incubation of a single colony in 20 ml of Landy medium [32] with 180 rpm, at 33 o C, overnight, and then a second seed culture was harvested from 150 ml of Landy medium overnight under the same conditions by inoculating 100-time-diluted suspension of the primary seed culture. The XF-1 culture mixture was collected from 15 L of the same media after 3-day incubation by inoculating a 50-time-diluted suspension of the second seed culture.
Extraction and Purification of the Resting Spores of P. brassicae The resting spores were extracted and purified according to the method described by Castlebury et al. [6] with some modifications. Approximately 10 g of P. brassicae clubbed Chinese cabbage roots frozen at -80 o C was homogenized in 50 ml of sterile distilled water (sdH 2 O) in a blender, and filtered through 8 layers of cheesecloth. A pellet containing resting spores, which was washed with sdH 2 O, was recovered by centrifugation (2,000 ×g, 4 o C, 15 min). The pellet resuspended in 5 ml of 50% sucrose was centrifuged as above for 10 min. The collected supernatant was transferred to a new 50 ml tube and diluted with 30 ml of sdH 2 O before centrifuging again as above for 10 min. The resulting pellet was then resuspended in 5 ml of sdH 2 O and centrifuged as above for 10 min to remove any remaining sucrose. The pellet of resting spores was resuspended in 5 ml of sdH 2 O and 1 ml was layered onto a 40 ml continuous gradient of LUDOX in a 50 ml centrifuge tube. The gradient was centrifuged at 1,000 ×g and 4 o C for 30 min. The resulting band of resting spores was pipetted out with a micropipette, leaving behind the microorganisms and debris at the top of the gradient. The resting spores were washed with 30 ml of deionized water and centrifuged as above for 5 min. The obtained pellets, washed with sdH 2 O, were collected with centrifugation again. The purified resting spores were stored at 4 o C for less than 48 h before use.
Extraction, Purication, and Identification of FTCPs Produced by XF-1
The procedures of extraction and purification of FTCPs were carried out as described previously [33] . The FTCPs were precipitated from cell-free broth of a 72 h culture by adjusting the broth pH to 2.0 using 6 mol/l HCl and keeping it at 4 o C overnight. Precipitated material, collected by centrifugation at 4 o C and 11,000 ×g for 20 min, was extracted twice with 95% methanol. The solvent was removed by a vacuum rotary evaporator at 55 o C. The residue was dissolved in 95% methanol and applied to a Sephadex LH-20 column (18 mm 1D×170 cm L; Pharmacia Biotech, Uppsala, Sweden) using methanol as the mobile phase at a flow rate of 2 ml/min. All of the samples obtained from different steps were determined by inhibiting plant pathogen Fusarium solani, the causing agent of Panax pseudoginseng var. notoginseng root rot. FTCPs identification was carried out using an ACQUITY UPLC (Waters Corporation, Milford, MA, USA) system with a Waters Xevo TQ-S mass spectrometer (Waters MS Technologies Manchester, UK) equipped for electrospray ionization (ESI). The sample injection volume was set at 30 µl, and the chromatography was preformed using aqueous 0. 
Measurement of Cell Exudates Released from the Resting Spores Treated with FTCPs
Although the FTCPs mechanisms of action on the resting spores of P. brassicae has not been elucidated, many researches on other fungi showed that the most likely mechanism seemed to be ion channel generation [3] or disruption of the cell structure by pore formation [48] . If FTCPs act on the cell membrane and change its permeability, the cell exudates will change. Thus, the ultraviolet absorption due to substances such as protein and nucleic acid outside the cell were measured using a colorimetric method [52] . The FTCPs were dissolved with sdH 2 O and used to treat the prepared resting spores in 2 ml microcentrifuge tubes with 700 µl of resting spores and 700 µl of FTCPs (final concentration: resting spores 10 7 /ml, FTCPs 250 µg/ml) at 28 o C for various periods of time. The A 260 and A 280 of the supernatant were measured using a UV-754 spectrophotometer (China) after centrifugation for 5 min at 11,000 ×g. As a control, samples of resting spore (10 7 /ml) without FTCPs and only FTCPs (250 µg/ml) were carried out for the same time.
Microscopic Observations on the Resting Spores Treated with FTCPs
The body of P. brassicae is plasmodium in nature. These plasmodia produce numerous sub-spherical to spherical shaped haploid resting spores, which are around 2.4 to 3.9 µm in diameter [4] . The purified resting spores in LUDOX treated with FTCPs at 28 o C were examined at various periods of time by confocal microscopy using a Zeiss Axio (Carl Zeiss, Jena, Germany) microscope equipped with a 100×1.4 NA oil plan Aprochromat objective. Images were captured with an AxioCam (Carl Zeiss) and processed with Adobe Photoshop 7.0 software (Adobe Systems, San Jose, CA, USA).
RESULTS
Identification of FTCPs from XF-1
The FTCP metabolites produced by XF-1 were isolated by acid precipitation from cell-free supernatants (12 L), suspended in 95% methanol, and subjected to a Sephadex LH-20 column using methanol as the mobile phase. Three antifungal active fractions (A: 4.37 g; B: 3.15 g; and C: 2.36 g) were gained and used for further study.
The three fractions were dissolved in 40% acetonitrile in 0.1% formic acid respectively and detected by liquid chromatography-mass spectrometry (LC-MS [33] . This allowed them to be identified as the homologs of fengycin. The third group contained unknown compounds the need to be further researched. The first one differed from the second one by 2 Da, which was identified as two structures of fengycin derivatives in the literature [33] . They were determined as SNA-60-367-14~23, which has no hydroxyl group in the β-hydroxy fatty acid chain of fengycin [13, 28] , and the difference of 2 Da molecular mass may due to it containing one double bond in the β-hydroxy fatty acid chain of fengycin [18, 54] . In order to identify their structure, the fraction A was purified further using reverse-phase HPLC according to the method described previously [33] . One compound (9.78 (Fig. 1B) . Its amino acid composition was identified as Glu, Orn, Val, Glu, Thr, Pro, Tyr, Ile, Tyr, Gln, and Pro with ESI-MS/MS (Fig. 1C) , and the 1D and 2D NMR spectra (Fig. S2) ; however, the double bond of this compound, whose theoretical NMR spectroscopic data are δ H 6.2-6.8 (J=12-16) ppm and δ C 120~130 ppm, was not found. Thus, the compound was elucidated as SNA-60-367-14~23 homologs, named as dehydroxyfengycin C 17 in this study, whose structure (Fig. 1A ) was further demonstrated with Evaluation of Activity Mechanism of FTCPs from XF-1 Against P. brassicae The resting spores of P. brassicae were treated with FTCPs dissolved with sdH 2 O (final concentration: resting spores 10 7 /ml, FTCPs 250 µg/ml) at 28 o C, and the A 260 and A 280 of the supernatant were measured using a UV-754 spectrophotometer (China). After being centrifuged for 5 min at 11,000 ×g, at intervals of 2 h for 24 h, the A 260 and A 280 of control and FTCPs were all almost unchanged during 24 h; however, the A 260 and A 280 of resting spores treated with FTCPs increased gradually, and the maximum rate of change appeared at about 12 h, and after 24 h the absorbance was not further increased (Fig. 2) . This result showed that FTCPs could cause leakage of the resting spores of P. brassicae substances into the cytoplasm; the leakage was indicated by UV absorption, which was observed from 2 h of FTCPs treatment and increased gradually to the maximum at 12 h, suggesting the increase in the amount of protein and nucleic acid released from the resting spores after FTCPs treatment. The results provide direct evidence that FTCPs act on the plasma membrane by forming pores and induce serious alterations in plasma membrane permeability, which allows leakage of cell substances from the cell. This conclusion can also be confirmed as the resting spores treated with FTCPs displayed a collapse phenomenon (Fig. 3) because the surface active properties of FTCPs allows them to confrontationally interact with the plasma membrane, resulting in disruption of the phospholipids layer structure of the membrane. The collapse phenomenon was observed after about 3 h (Fig. 3C) , and a lot of resting spores were clearly damaged by FTCPs at 6 h (Fig. 3D) . A significant morphological change characterized by the appearance of large disruption was displayed at 12 h of FTCPs treatment (Fig. 3E) , and no complete cell was observed at 24 h (Fig. 3F) .
DISCUSSION
Members of the Bacillus genus, hailed as a source for producing bioactive molecules [43] , have been reported as biocontrol agents for plant diseases, including B. subtilis, B. cereus, B. amyloliquifaciens, B. licheniformis, and B. pumilis, of which B. subtilis and B. licheniformis are the stronger and more efficient antagonists than the other species [15] . Strains of B. subtilis are well-known and extensively used beneficial rhizobacteria for biocontrol of plant diseases owing to their ability to produce a broad array of bioactive metabolites, among which three cyclic lipopeptides, surfactin, iturin, and fengycin, have wellrecognized potential utilization in biotechnology and biopharmaceutical application [43] . The three cyclic lipopeptides have different active properties and play different roles in the process of interaction with the pathogen. Surfactins display hemolytic, antiviral, antimycoplasma, and antibacterial activities but no fungitoxicity. Iturins display antifungal, limited antibacterial, and no antiviral activities. The fengycin cyclic lipopeptides (FTCPs) are less hemolytic than iturins or surfactins but retain a strong fungitoxic activity, more specifically against filamentous fungi, and some bactericide effect [43] . The genomic sequence of B. subtilis XF-1 showed that there are both fengycins and surfactins synthetic gene clusters in this strain [33] . In our cultivating condition with Landy medium, the strain can secrete a wide variety of FTCPs; however, no other types of cyclic lipopeptides were detected, even the surfactins. It is possible that fengycin production inhibits surfactin production [8] . Interestingly, the antifungal activity of FTCPs can be reduced by surfactin [52] . Thus, the biocontrol activity of strain XF-1 against the pathogen of clubroot in crucifer and many pathogenic fungi is most likely attributed to its ability to efficiently produce a wide variety of FTCPs.
FTCPs comprise fengycins A, B, C, D, and S, which are also called plipastatins. Structurally, FTCP molecules are lipodecapeptides with a β-hydroxy fatty acid in the side chain. The types of branching include linear, iso, and anteiso, which can be saturated or unsaturated, and hydroxylated or dehydroxylated (Fig. 4) [13, 28, 43, 54] . In this study, B. subtilis XF-1 cultivated with Landy medium produced a broad variety of FTCPs, including 8 homologs of fengycin, 7 homologs of dehydroxyfengycin, and 6 unknown FTCPs. Those homologs of fengycin and dehydroxyfengycin were identified with LC-ESI-MS, LC-ESI-MS/MS, and NMR. Possibly, the diversity of FTCPs secreted by XF-1 is the main reason for this strain to inhibit strongly a lot of fungi including clubroot disease pathogen P. brassicae (http://ccr.ynau.edu.cn/).
In recent years, FTCP antibiotics have been reported to inhibit a wide range of phytopathogenic fungi [43] . B. subtilis S499 efficiently produced a wide variety of FTCPs that effectively protect wounded apple fruits against gray mold disease caused by Botrytis cinerea [21] . The FTCPs produced by B. subtilis B-FS01 exhibited predominantly antagonistic activities against Fusarium moniliforme Sheldon ATCC 38932 [18] . It was attributable to FTCPs that B. subtilis D1/2 inhibited Fusarium graminearum diseases on maize and wheat [7] , and B. subtilis CPA-8 controlled peach brown rot [60] . FTCPs and bacillomycin D excreted by B. amyloliquefaciens C06 inhibited the conidial germination of Monilinia fructicola so as to control effectively brown rot of stone fruit caused by this pathogen [34] . FTCPs produced by B. subtilis fmbJ has antifungal activity against the filamentous fungus Rhizopus stolonifer [52] . One possible mechanism for the antifungal activity of FTCPs is that they would interact with sterol and phospholipid molecules in the membrane and thus disturb the structural properties of target membranes [9, 18] . In this study, when FTCPs produced by B. subtilis XF-1 were used to treat the resting spores of P. brassicae for 12 h, the A 260 and A 280 increased gradually to approaching the maximum of absorbance and the resting spores of P. brassicae collapsed and no complete cells were observed at 24 h. Those results concurred with the report on the mechanism of fengycin against Rhizopus stolonifer [52] . Thus, the resting spores of P. brassicae cell membrane might be the prime site for antimicrobial attack by FTCPs. In summary, the strain B. subtilis XF-1 can secrete a wide variety of FTCPs primarily in Landy medium. The FTCPs destroyed resting spores, which supports the possibility of its use as a biological control agent for clubroot disease of the Brassicaceae and for commercial formulation development.
Furthermore, FTCPs have surfactant properties including detergency, emulsification, foaming, and dispersion as well [16, 38, 49] . Therefore, FTCPs would be used in various fields such as the food, clinics, cosmetics, and specialty chemical industries, and for cleaning oil spills by bioremediation. FTCPs are expected to promote the development of agriculture and industries as biocontrol agents, biofertilizer's and biosurfactants, respectively, although further research efforts are still required. 
